The treatments for early-onset scoliosis (EOS) remain great challenges for spine surgeons. This study aimed to comprehensively review the treatments for EOS, especially the advancements made in the last decade. Current studies on EOS were retrieved through a search on PubMed, UpToDate, the Web of Science Core Collection and Scopus were reviewed. The most pertinent information related to the current treatments for EOS was collected. The foci of treatments for EOS have included creating a well-developed thoracic cavity, improving lung volume, and improving pulmonary function. Conservative treatments include bracing, casting, halo-gravity traction, and physiotherapy. Serial casting is the most effective conservative treatment for EOS. Surgical treatments mainly include growth-friendly techniques, which are generally classified into three types according to the amount of correction force applied: distraction-based, compression-based, and growth-guided. The distraction-based systems include traditional or conventional growing rods, magnetically controlled growing rods, and vertical expandable prosthesis titanium ribs. The compression-based systems include vertebral body stapling and tethering. The growth-guided systems include the Shilla system and modern Luque trolley. In addition, some newer techniques have emerged in recent years, such as posterior dynamic deformity correction (ApiFix). For EOS patients presenting with sharp deformities in a long, congenital spinal deformity, a hybrid technique, one-stage posterior osteotomy with short segmental fusion and dual growing rods, may be a good choice. Hemivertebra resection is the gold standard for congenital scoliosis caused by single hemivertebra. Although the patient's growth potential is preserved in growth-friendly surgeries, a high complication rate should be expected, as well as a prolonged treatment duration and additional costs. Knowledge about EOS and its treatment options is rapidly expanding. Conservative treatments have specific limitations. For curves requiring a surgical intervention, surgical techniques may vary depending on the patients' characteristics, the surgeon's experience, and the actual state of the country.
Introduction
The rapidly expanding volume of medical knowledge on early-onset scoliosis (EOS) has led to a significant evolution in the understanding and management of EOS. EOS refers to a spinal deformity that is present before the age of 10 years, and it is categorized into five types according to the etiology: idiopathic, congenital, thoracogenic, neuromuscular, and syndromic. [1] Because of the various etiologies of EOS, there is no standardized or widely accepted classification system. Based on the etiology, magnitude of the major curve, kyphosis and the annual rate of progression, a new classification of EOS was recently designed by 15 experienced pediatric spine surgeons. [2] High levels of agreement and consistency of this classification have been reported. [2, 3] The treatment goals for EOS include minimizing the spinal deformity while maximizing the thoracic volume and pulmonary function. [4] Because there is a deep understanding of the relationship between the chest wall, lungs, and the spine, the foci of treatments have included creating a welldeveloped thoracic cavity, improving lung volume, and improving pulmonary function. [5, 6] The purpose of this paper was to comprehensively review the treatments for EOS, especially the advancements made in the last decade.
Treatments
Treatments for EOS included conservative treatments and surgical interventions. Although conservative treatments should be considered first, they have certain limitations, and for patients for whom the limitations are numerous, surgical interventions are usually indicated.
Non-operative treatment
Non-operative treatment, including bracing, casting, halogravity traction (HGT) and physiotherapy, may achieve satisfactory correction in some patients, and most commonly, it helps delay surgery. HGT is commonly an adjunctive treatment and is usually accompanied by other treatments, such as surgeries. [7, 8] It is indicated in patients with severe and rigid curves, those with scoliosis associated with kyphosis, and those with decreased pulmonary or nutritional status. Physiotherapy for idiopathic scoliosis in skeletally immature children remains controversial and requires further validation. [9] Casting and bracing are two major non-operative treatments for spinal deformity.
Casting
Serial casting is the most effective conservative treatment for EOS. It can preserve the growth potential and delay or even eliminate the need for surgery in some patients, especially in patients with idiopathic scoliosis. [10] [11] [12] [13] [14] The casting techniques vary between different reports. Commonly, patients undergo general anesthesia, and traction is applied. Padding is placed on bony prominences. Plaster is applied and molded with derotational forces to correct scoliosis. Casts are scheduled to be changed every 2 to 3 months, depending on the patient's growth.
Serial casting is generally indicated if the degree of curvature is more than 25°, with a minimum of 10°of documented progression, or the rib-vertebral angle difference >20°. [15] If indicated, serial casting should be initiated as early as possible because an older age and a large degree of curvature have been reported to be two risk factors for a failed casting treatment. [11, 16] Gussous et al [11] treated 74 consecutive patients (41 idiopathic and 33 non-idiopathic scoliosis patients, average age: 19 months, mean follow-up: 11 months) with the casting treatment. The Cobb angle was corrected from 47°to 27°in the idiopathic group and from 62°to 57°i n the non-idiopathic group. The correction rate was higher in the idiopathic group than in the non-idiopathic group. At the last follow-up, there were 6 (8%) minor complications, including pressure sores, pyogenic granuloma, exacerbations of gastroesophageal reflux, and humeral fractures that the parents attributed to impaction on the cast. There were three (4%) major complications, including subclavian vein thrombosis, cardiac arrest on the induction of general anesthesia, and death attributed to an acute asthma attack. The spine of individuals with idiopathic scoliosis is usually flexible, and the degree of curvature is typically mild, which may explain why individuals with idiopathic scoliosis respond better to casting than non-idiopathic scoliosis. Cao et al [17] studied eight patients with congenital scoliosis (CS) and 15 patients with non-CS (average initial age: 3.25 years old). After an average follow-up time of 23.91 months, both the CS and non-CS groups showed a significant decrease in the Cobb angle after the first cast and at the last follow-up. The correction rate was significantly higher in the non-CS group than in the CS group (approximately 50% vs. 20%). At the last follow-up, there were two patients who underwent growing rod insertion, eight patients who weared a brace, and 13 patients who continued serial casting. Five patients had friction-induced ulcers, one had vomiting and one had continuous elevated airway pressure. The spine of individuals with CS is commonly rigid for structural defects, and the curvatures also have great potential for progression, so the effect of casting is limited. Mehta et al [18] prospectively enrolled 136 children (average age: 4 years old, average follow-up time: 9 years) with progressive infantile scoliosis who received serial corrective plaster jackets (Mehta plaster). The deformity was corrected in 94 children with younger ages at baseline (1 year and 7 months) and moderate curves (32°), and no additional intervention was needed. However, in 42 children with older ages at baseline (2 years and 6 months) and more severe curves (52°), the deformity did not resolve. Studies on Mehta plaster in individuals with CS are relatively rare. This treatment may delay the need for surgery, but the complication rate may be as high as those of other plaster techniques. Above all, the high complication rate associated with casting is a major concern. However, if young patients can tolerate the complications, casting remains an effective treatment option.
Bracing
Although bracing has been proven to be effective for adolescent idiopathic scoliosis, [19] there are few reports focusing on bracing for EOS. Thometz et al [20] applied an elongation bending derotation brace (EBDB) to 38 patients with infantile or juvenile scoliosis (average age: 6.2 years old, nine neuromuscular, one congenital, 28 idiopathic). Within a 12-month follow-up period, the juvenile group showed 25.7% correction and 42.9% stabilization, while the infantile group showed 50% correction and 32.1% stabilization. No patients required surgery within the follow-up period. However, the follow-up duration was relatively short, and the patients did not undergo a second growth spurt. Then, the authors focused on nine patients with infantile idiopathic scoliosis (average age: 11 months) receiving EBDB with a minimum follow-up period of 2 years. Four patients were fully corrected with serial bracing alone (final curve 10°). Five patients with more rigid curves showed improvement from a mean of 57°to a mean of 21°. [21] Moreau et al [22] studied 33 patients with earlyonset idiopathic scoliosis (mean age: 50 months, median Cobb angle: 31°) who received detorsion night-time bracing. After a mean follow-up time of 102 months, the success rate (patients with a progression of 5°or less) was 67%, with a median Cobb angle reduction of 15°. Only one patient underwent surgery. In addition, the authors noted that the degree of curvature and age at brace initiation appeared to be important prognostic factors. Because of the high flexibility of idiopathic scoliosis spines, bracing may be beneficial. Few studies have compared the outcomes of casting and bracing. However, casting may achieve better results than bracing because once it is applied, the patient cannot take it off.
Operative treatment
Long spinal fusion in patients with EOS may endanger thoracic growth and pulmonary function and is associated with an increased risk of the crank shaft phenomenon or decompensation. There are a variety of growth-friendly techniques, and they are generally categorized into three types according to the amount of correction force applied: distraction-based, compression-based and growth-guided. In the distraction-based system, a mechanical distractive force is exerted on the spine segments, ribs and/or pelvis. It includes traditional or conventional growing rods (TGRs), magnetically controlled growing rods (MCGRs), and vertical expandable prosthesis titanium ribs (VEPTRs). In the compression-based system, a compressive force is applied to the convex side of the deformity, leading to growth inhibition on the ipsilateral side. Examples are vertebral body stapling (VBS) and vertebral body tethering (VBT). In the growth-guided system, the end and apical vertebrae are anchored, and the spine can slide along the rod. Examples of this system include the Shilla system and modern Luque trolley (MTR). In addition, some newer techniques have emerged in recent years, such as posterior dynamic deformity correction (ApiFix). Although the growth potential is preserved in growth-friendly surgeries, a high complication rate should be expected, as well as a prolonged treatment duration and additional costs. On the other hand, for CS caused by a single vertebra deformity (such as hemivertebra), osteotomy and short segment fusion are the gold standards.
TGRs
TGRs constitute the most commonly applied technique and are considered the gold standard for EOS with long curves [23] ; TGRs were first introduced by Harrington in 1962. [24] After various modifications were made, the widely applied dual-rod growing rod technique was reported by Akbarnia et al. [25] Correction is achieved by distraction and maintained by proximal and distal instrumentation and fusion. Growth potential, especially lung growth, is preserved by unfused spine segments and lengthening procedures.
The most widely agreed upon indication for growing-rod surgery is the failure of treatment with bracing or casting, a degree of curvature of more than 60°, and ages younger than 10 years old. [26] However, theoretically, TGRs can be indicated for any patient with skeletal immaturity.
For the initial surgery, the correction rate has been reported to vary from 30% to 60%, and the lengthening interval has been shown to differ for different surgeons, mostly ranging from 6 to 12 months. [27] [28] [29] [30] [31] [32] The complication rate of the growing rod technique has been reported to be as high as 50%, [29, 30, 33] and the complications have included dislodged implants, rod breakage, surgical site infections, wound healing problems, neurological impairment, proximal junctional kyphosis, and others. Several well-recognized risk factors for complications of growing rods are a younger age at the initial surgery, a single rod, longer lengthening times, thoracic hyperkyphosis, and subcutaneous rod placement. [29, 30, 33] Bess et al [33] reported 140 patients (mean age at the initial surgery: 6 years old, mean follow-up time: 5 years) undergoing a total of 897 growing-rod procedures. The mean degree of curvature was 75°at the time of insertion and 47°at the last follow-up. The mean number of surgical procedures per patient was 6.4, and the mean number of lengthening procedures per patient was 4.5, with an average lengthening interval of 10.4 months. The average age of the patients at the time of the final fusion was 12 years old. There were 177 complications in eighty-one patients (57.9%). The most concerning problem related to TGRs is the high complication rate. The risk for implant failure, infections, and wound healing problems are significantly increased as a consequence of the repeated lengthening procedures and the unfused spine. If rod breakage or screw displacement occurs, revision surgeries are indicated to change the rod or extend the instrumented segments. Additionally, repeated general anesthesia may pose a threat to mental health. Adequate informed consent and close follow-ups are necessary.
MCGRs
MCGRs were first introduced as remote-controlled growing spinal instrumentation by Takaso et al in 1998. [34] In 2016, Cheung et al [35] first described the early clinical results of MCGRs. He stated that MCGRs did not require open lengthening like TGRs did. The system contains 1 or 2 sterile and titanium growth rods and an external remote control for lengthening. Each rod contains a telescopic distraction actuator. Each actuator has a potential lengthening of 28 or 48 mm. Lengthening can be achieved by an external remote control without repeated anesthesia and open surgical lengthening. No consensus on the lengthening intervals or distraction numbers has been reached. However, most surgeons lengthen the rods more frequently than the TGRs, in intervals of 3 to 6 months. [36, 37] Theoretically, the indication for MCGRs should be similar to that for TGRs. However, MCGRs are still not officially approved in some areas.
A mean correction of 27°to 36°and complications similar to those associated with TGRs, except for wound healing problems, have been reported. Akbarnia et al [37] enrolled 14 patients (mean age: 8 years 10 months) with EOS who received MCGRs with an average follow-up time of 10 months. The correction rate after the initial surgery was 50% and was well maintained at the final follow-up. The spine height increased from 292 to 322 mm after surgery and to 338 mm at the final follow-up. The average distraction number per patient was 4.9. Complications included one superficial infection, one prominent implant, and three losses of initial distraction after index. La Rosa et al [36] reported similar results and stated that MCGRs can prevent surgical scarring, surgical site infections, and psychological distress, which occur in patients with TGRs due to the multiple surgeries. The decreased rate of infections and wound healing problems in patients who received MCGRs is of great benefit to patients and reduces medical costs. However, Aslan et al [38] used psychosocial tools to compare the mental status of patients receiving MCGRs and TGRs. He stated that if the patient noticed a benefit of the growing rods and did not experience major complications, the non-invasiveness of the lengthening procedures did not show an advantage on patients' psychosocial status. In addition, Teoh et al [39] found that although MCGRs were associated with a lower rate of both deep and superficial infections compared to TGRs, they were associated with a significantly increased risk of metalwork problems and unplanned revisions. Studies with larger sample sizes and longer follow-up times are still needed to help better understand and utilize this relatively new technique.
VEPTRs
VEPTRs were developed by Dr. Robert Cambell and Melvin Smith; they are mainly indicated for patients with thoracic insufficiency syndrome (TIS), [40] but are sometimes indicated for individuals with EOS who are at risk for secondary TIS. [41] VEPTRs are titanium alloy longitudinal rod distraction devices. Anchors are placed at the ribs, and spine. After they are inserted, lengthening is performed every 4 to 6 months. [42] The complication rate can be as high as 100%, [42] which limits its applications.
VBT and VBS
VBT was first described by Crawford and Lenke in 2010. [43] VBT involves the use of a flexible spinal implant that has the potential to prevent progression of the deformity during growth spurts by stopping spinal growth on the convex side of a scoliotic spine. The patient is placed in the lateral decubitus position with the convex side facing upward. The procedure is performed through an endoscopic approach. Segmental vessels are coagulated, and screws are sequentially placed from the cephalad to caudal direction. The tether is placed, and correction is achieved by both the tensioning of the tether and the translation of the spine. [44] The indications for VBT include thoracic curves between 30°and 70°and thoracolumbar or lumbar curves from 30°t o 60°in skeletally immature patients. [23] Hyperkyphosis (>40°) in the thoracic region is a relative contraindication because of the use of anterior instrumentation.
Samdani et al [44] reported 32 patients (average age: 12 years old, average follow-up time: 12 months) receiving anterior VBT for thoracic idiopathic scoliosis. The major Cobb angle was corrected from 43°to 21°at the first erect and continued to decrease to 18°at the last follow-up. The non-instrumented lumbar curve demonstrated significant spontaneous correction from 25°to 18°at first follow-up and 13°at the final follow-up. The sagittal plane parameters in this series remained stable. One patient experienced prolonged atelectasis, which required bronchoscopy. No other major complications were observed.
VBS was first proposed in 1951 but showed poor results. [45, 46] Guille et al [47] introduced the modern nitinol C-shaped staple to provide additional compression across the growth plate. VBS can inhibit spinal growth on the convex side while preserving the motion segments of the whole spine without fusion. [48, 49] Thoracic curves were stapled via a thoracoscopic technique, and motion segments below the diaphragm (T12-L1 and below) were stapled using a mini-open retroperitoneal approach. [47] The indications for VBS are strict: idiopathic scoliosis, a Risser sign 0-2, a degree of curvature of 25°to 40°, and failure of brace treatment. [50] Cahill et al [51] reviewed 63 patients who underwent VBS at a mean age of 10.78 years and had a mean follow-up time of 3.62 years. The mean thoracic Cobb angle was 29.5°before surgery and 21.8°at the last follow-up. Seventy-four percent of the patients who had thoracic VBS did not show progression and/or fusion. The mean lumbar Cobb angle was 31.1°before surgery and 21.6°at the final follow-up. Eighty-two percent of the patients who had lumbar VBS did not show progression and/or fusion. Five of 390 staples (1%) in five of 63 patients (8%) showed evidence of staple movement/loosening. Four of sixty-three patients (6%) had broken staples. There were no neuromonitoring changes or objective sensory or motor deficits. At the most recent follow-up, the complications included two cases of localized sympathetic dysfunction in the left foot, two cases of atelectasis, one case of mucous plug, two cases of superior mesenteric artery syndrome, one case of superficial incisional site infection, and four overcorrections of a stapled curve.
There have been cases of overcorrection with compressionbased implants in which the curve corrects and then develops in the opposite direction. Therefore, some surgeons have insisted that this technique be reserved for patients with limited growth remaining, such as 9-to 10-year-old patients. [52] In addition to skeletal maturity, VBT and VBS are confined to mild to moderate deformity. Despite the strict indications and limited applications, the greatest advantage of VBT and VBS is that they can preserve the growth potential and mobility in the spinal segments. The major disadvantages of these two techniques include the pulmonary and bowel complications caused by anterior surgeries.
Shilla growth guidance system (SGGS)
The SGGS was first reported in 2014. [53] SGGS guides spinal growth toward a normal alignment. The Shilla technique first corrects the apical deformity toward a neutral alignment. Then, the upper and lower growth guidance portions extend into the distal and proximal areas of the curve using polyaxial screws. These special screws have locking caps that fix to the top of the screws (not the rod) and capture the rod, allowing it to slide with growth in a longitudinal direction. Multiple open lengthening surgeries are avoided, as in MCGRs. The indications for the SGGS include early-onset spinal deformity and coronal curves >50°. [53] McCarthy et al [54] performed SGGS for 40 patients with EOS (nine idiopathic, one congenital, 16 neuromuscular, and 14 syndromic). The average age at the index surgery was 6 years and 11 months, and the average follow-up duration was 7 years. The average degree of curvature was 69°pre-operatively and 38.4°at the final follow-up. The complication rate was as high as 73%, and the complications included six secondary infections, eight alignment issues, and 24 implant-related problems. Wilkinson et al [55] noted that the apex of the fused primary curve shifted in approximately 62% of patients, and nearly all of these (92%) involved distal migration.
Luhmann et al [56] found that the Shilla growth guidance system compared favorably with TGRs in terms of the degree of correction of the major curve, spinal length and growth, and maintenance of sagittal alignment. The >4-fold decrease in the number of additional surgeries makes the Shilla system an attractive alternative to minimize the occurrence of comorbidities associated with additional surgeries. Similar to MCGR and TGR, the SGGS is associated with a very high rate of implant-related complications, which usually results in revision surgery. For patients with great growth potential, the distal and proximal screws may slide off the rod, requiring the rods to be changed.
MTR
MTR is a newly developed growth guidance technique. According to the literature, MLT was first reported by Ouellet et al in 2011. [57] MLT does not involve sublaminar or cerclage wires, and it consists of gliding spinal anchors traveling along fixed, overlapping rods. It can prevent the progression of spinal deformities while still allowing relative normal spinal growth. The indications for MLT include a Cobb angle >40°, failed conservative treatment and considerable growth potential. [58] Ouellet et al [57] enrolled five patients (average age: 4.5 years; average follow-up time: 3.6 years) with EOS who received MLT surgery. The primary curve was corrected from 60°to 21°and was maintained at 21°at a mean follow-up time of 4 years. Two of the five cases outgrew the construct requiring a lengthening of the rods. One patient had a gradual recurrence of the deformity that required revision surgery after 4 years. However, MLT is a new technique and has not been officially approved in most areas.
Posterior dynamic deformity correction
Posterior dynamic deformity correction (ApiFix Ltd, Misgav, Israel) is a new, less invasive device that involves relatively fewer instrumented segments and preserves growth potential without spinal fusion. It was first reported in clinical practice by Floman et al in 2015. [59] The device is inserted on the concave side of the curve, and it allows the elongation of an expandable rod. The rod includes a unidirectional ratchet that can elongate when the patient performs side-bending exercises toward the convexity. When the patient returns to standing upright, the rod cannot shorten because of the ratchet. Therefore, after surgery, dynamic correction is achieved by certain exercises. There are few studies on ApiFix.
Osteotomy and short fusion
Hemivertebra is the most common pathology of CS. It usually creates a wedge-shaped deformity, which progresses with spinal growth. [60] Due to the anticipated poor prognosis of most cases of hemivertebrae, early surgical intervention is indicated. [61] Since Royle first reported the use of hemivertebra resection, it has become a gold standard for CS caused by hemivertebra. [62] Wang and Zhang [61] reported 36 patients who had CS (mean age 59 months, mean follow-up time: 62.3 months) caused by hemivertebra and underwent hemivertebra resection and bisegmental fusion. The segmental scoliosis curves were corrected from 36.6°to 5.1°, and segmental kyphosis was corrected from 21.2°to 5.8°at the last follow-up. The complications included one case of delayed wound healing, two cases of pedicle fractures and one case of progressive deformity. These patients are usually very young with poor bone quality and thin soft tissue coverage. As a result, the risk for wound healing problems and screw displacements are higher in these patients than in adults. However, correction of the malformation and solid fusion can yield satisfactory correction and prognosis.
Hybrid techniqueauthor's preferred technique for severe rigid EOS TGRs are considered the gold standard for EOS and are widely applied worldwide. However, for EOS patients presenting sharp deformities in a long congenital spinal deformity, a hybrid technique, one-stage posterior osteotomy with short segmental fusion and dual growing rods, maybe a good choice; this technique was first reported by Zhang and Wang in 2014. [63] An osteotomy with short segmental fusion may help to improve the correction and decrease the incidence of implant failures of growing rods (GR), and the GR technique can achieve a good control of the whole long curve while allowing the spine to grow. [63] In the study by these authors, for EOS patients with a mean age of 5.9 years old, the Cobb angle was corrected from 81.4°to 40.1°after the initial surgery and was 41.0°at the 53.3-month follow-up. The average increase in T1-S1 length was 1.23 cm per year. The same technique was reported in 2019, and the outcome was similar. [64] Correction of a major deformity can not only increase the correction rate but also decrease the stress on the implant and consequently lower the implant failure rate, while lung growth is preserved by the growing rod. Prolonged operation duration may be life-threatening, so the hybrid technique requires both accuracy and efficiency.
Repeated surgeries and complications are two major concerns in the management of EOS, and different techniques have different advantages and drawbacks [ Table 1 ]. In addition to the treatments listed above, there are some other surgical treatments for EOS, such as convex epiphysiodesis, which is less commonly used in modern clinical practices.
Conclusions
Knowledge about EOS and its treatment options is rapidly expanding. Conservative treatment should always be considered first. For curves requiring a surgical intervention, surgical techniques may vary depending on the patients' characteristics, the surgeon's experience, and the actual state of the country. The complication rate in the treatment of EOS is still high, which is inevitable because of the need for multiple surgeries, implant bulk, and the stresses on instrumentation in a mobile spine. Despite the challenges in the treatment of EOS, the evolution of techniques and knowledge presents hope for a better understanding and management in the future.
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